Abstract-In Part I of this paper, an improved one-dimensional (1-D) analysis and a semiempirical model of quantum efficiency for CMOS photodiode was illustrated. In this part of the paper, the lateral photoresponse in CMOS photodiode arrays is investigated with test linear photodiode arrays and numerical device simulations. It is shown that the surface recombination and mobility degradation along the Si-SiO 2 interface are important factors in determining the lateral photoresponse of CMOS photodiodes. The limitations of traditional analytical approaches are briefly discussed in this context, and a novel three-dimensional (3-D) analysis of lateral photoresponse is presented. Given the significant dependence of lateral photoresponse on the Si-SiO 2 interface quality, an empirical characterization method is proposed as a more reliable solution to modeling lateral photoresponse.
I. INTRODUCTION

S
EVERAL aspects of technology scaling introduce additional challenges to the CMOS image sensor design [1] and comprehensive models of the CMOS based pixels are necessary in order to translate given design objectives to proper choices of technology, pixel architecture, array structure, design layout, etc. [2] , [3] . Toward this end, we present an improved analysis of CMOS photodiodes and photodiode arrays emphasizing on the significance of epitaxial thickness, epitaxial-substrate junction, surface recombination, and mobility degradation along the Si-SiO interface.
Following the classical one-dimensional (1-D) analysis of photodiodes and photogate structures [4] - [6] , efforts focused on the effects of lateral diffusion in linear and two-dimensional (2-D) arrays as they became generalized with CCDs. Several studies of lateral diffusion have investigated the edge effectthe collection of photocarriers along the lateral edge of the photodiode -also known as peripheral photoresponse or lateral collection [7] - [16] . Other studies of lateral diffusion have dealt with the lateral crosstalk -the unwanted component of lateral collection consisting of stray photocarriers that have diffused Manuscript received July 24, 2002 ; revised March 7, 2003 . This work was supported in part by Mitel Corp., Canada's Network of Centers of Excellence, Canadian Microelectronics Corporation, and Natural Sciences and Engineering Council of Canada. The review of this paper was arranged by Editor J. Hynecek.
J. S. Lee out of the pixel site from which they have originated -suggesting a number of ways to minimize this effect [17] - [23] . The effect of lateral crosstalk on the modulation transfer function (MTF) in the context of imaging array has also been investigated [4] , [17] - [20] . Several researchers have also proposed a definition called cross responsivity to characterize lateral crosstalk, which is the discrete point-spread-function output of an imaging array resulting from single pixel excitation, analogous to impulse response of a linear shift-invariant system [20] - [23] .
In Part I of this paper [24] , an improved 1-D analysis of CMOS photodiode has been derived in which the effect high-low junction of the epitaxial layer and the substrate is considered. The analytical solution was verified with numerical simulations based on parameters extracted from a standard 0.35 m CMOS process and two empirical parameters are suggested to offset the unavoidable inaccuracies in the extracted parameter values.
The organization of Part II of this paper is as follows. In Section II, the investigation of lateral photoresponse using linear photodiode arrays and numerical device simulations is presented, illustrating the importance of surface recombination and mobility degradation along Si-SiO interface. Section III presents a novel 3-D analysis of lateral photoresponse based on the earlier work of Levy [21] . Section IV illustrates a more reliable approach of empirically modeling lateral photoresponse based on measurements from linear photodiode arrays. This is followed by a method of utilizing 2-D edge-effect characterized from linear photodiode arrays to draw useful limits for the case 2-D rectangular photodiode arrays.
II. LATERAL PHOTORESPONSE
The lateral diffusion of photocarriers generally leads to a photoactive area that is larger than the geometric area of the photodiode junction. This phenomenon is known as the edge effect [7] - [16] and is most pronounced in small photodiodes where the perimeter-to-area ratio is relatively large. While the edge-effect describes the sheer increase in the quantity of collected photocarriers as a result of lateral diffusion, lateral crosstalk is a component within edge-effect consisting of stray photocarriers that have diffused out of the pixel site in which it was generated to be collected by a "wrong" pixel. In applications such as solar cells, crosstalk is irrelevant and lateral diffusion is desirable in order to maximize quantum efficiency. In other applications such as imaging arrays, lateral crosstalk can significantly degrade the contrast of the sampled image and presents a lower boundary on the size of the pixel below which the effective resolution does not significantly improve with the sampling density of the array [17] - [23] . In this investigation, we present an analysis of edge-effect for the case uniform illumination. The intention of this analysis is to provide a model of photocurrent as a function of the photodiode separation distance for linear and 2-D arrays. As the analysis assumes uniform illumination, considerations of lateral crosstalk and the resulting loss of MTF are not covered in this paper.
In order to quantitatively investigate the edge-effect in CMOS n -p photodiodes, a set of linear photodiode arrays was fabricated as shown in Fig. 1 . The fabricated arrays consist of identical 30 m 5 m strips of -photodiodes with a specific separation distance assigned to each array, which ranged from 0.6 m to 12 m. The photodiodes were connected in parallel to increase its signal strength and to average out the mismatches. Fig. 2 shows the photocurrent measured from each array under uniform illumination as a function of photodiode separation distance. The plotted photocurrents are normalized to the 1-D (or "areal") photocurrent density measured from a single large photodiode under identical set of illuminations multiplied by the photodiode junction area of 150 m . It can be seen from Fig. 2 that the three plots corresponding to the wavelengths 440, 540, and 660 nm are essentially identical, indicating that the proportional increase in the photocurrent from a given increase in separation distance is essentially identical for the different wavelengths. This observation can be appreciated from the fact the vertical profile of an optical generation does not alter the percentage of photocarriers diffusing laterally except very slightly through bulk recombination. 1 This also true for the case of 660 nm wavelength illumination for which a sig- (Fig. 9 ) plotted as a function of the photdiode separation distance illusterating the edge-effect. The photocurrents were normalized to areal photocurrent density obtained from a single large photodiode. The applied illumination intensity ranged from 41 to 73 W=cm for different wavelengths. A single exponential decay was fitted to characterize the general trend. The linear plot is a simple one-dimensional approximation of the edge-effect using the "areal" photocurrent density.
nificant portion of the generated photocarriers recombine in the substrate bulk; however, only the photocarriers that drift into the epitaxial layer contribute to the observed photocurrent, and the injected carriers will diffuse in a similar manner to those generated in the epitaxial layer. Fig. 2 also shows a single exponential decay function fitted to the measured plots. The characteristic length of the fitted exponential function was found to be approximately 5.5 m, which is considerably shorter than the minority carrier diffusion length of the epitaxial layer, indicating that a significant portion of the lateral diffusion occurs along the Si-SiO interface where the diffusion is hindered by surface recombination and the mobility degradation. Fig. 3 compares the measured lateral photoresponse with numerical simulations based on varying interface quality. It can be seen that both surface recombination and the mobility degradation can significantly affect the lateral collection and account for the deviation of the measured lateral photoresponse from the hypothetical case of a defect-free Si-SiO interface.
A simple 1-D approximation of the edge-effect based on the areal current density multiplied by a hypothetical photoactive area encompassing all area between the photodiodes is plotted in Fig. 2 . It can be seen that this simple 1-D approximation can be used to estimate the lateral photoresponse when the diodes are spaced closely together. The measured lateral photoresponse is slightly higher than the 1-D approximation at small diode separation distances (Fig. 2) likely due to the effect of the side-wall junctions.
While the comparison of the measured data and numerical device simulations suggests that the edge-effect in CMOS photodiodes is significantly affected by surface recombination and mobility degradation along the Si-SiO interface, the reported for elsewhere (2) treatments of multidimensional diffusion equation generally approximate the surface conditions with infinite surface recombination velocity [7] , [14] , [15] , [19] - [23] . Others that accommodate finite surface recombination velocity do so by employing numerical methods, yet generally do not account for the mobility degradation along the Si-SiO interface [9] , [11] - [13] . In a multidimensional analysis, it is cumbersome to directly incorporate these surface effects into an algebraic treatment of the diffusion equation, and the resulting expressions are generally unmanageable without assuming special cases that lend to simplified boundary conditions; in addition, beyond deriving an accurate analytical model of the edge-effect, the required physical parameters including surface recombination velocity and carrier mobility under the CMOS field oxide are not typically reported, bringing forth additional parameter extraction needs which may not readily addressable. Despite these limitations and issues in analytical treatments of photodiode arrays, a novel 3-D analysis of edge-effect based on earlier work of Levy [21] is introduced in the next section because it was found to provide a reasonably good analytical solution. Since the quality of Si-SiO interface for both gate and field oxides can vary significantly from process to process and sway the effectiveness of the analytical approximation, a more reliable approach is to empirically characterize edge-effect (as well as other lateral photoresponse phenomena such as lateral crosstalk) for each given technology. An empirical characterization method employing a set of linear photodiode arrays is therefore also illustrated in Section VI.
III. THREE-DIMENSIONAL ANALYSIS OF LATERAL PHOTORESPONSE
The notational framework for 2-D rectangular photodiode array used by Levy [21] is adopted in our analysis (Fig. 4) . We derive an analytical solution of the edge-effect by solving the excess carrier distribution under selective illumination of the photodiode array. The diffusion equation under steady state for a p-type epitaxial layer is given by (1) where and denote the bulk minority carrier diffusion coefficient and diffusion length of the epitaxial layer, respectively. Under uniform illumination, the edge-effect experienced by each photodiode is identical, and the region of analysis may be reduced to a single pixel site as defined by and . In order to analytically isolate the lateral component within the substrate diffusion current that leads to edge-effect, we limit the area of illumination as in (2) , shown at the bottom of the page, where and are integers. This mask function represents the case where all photodiode junction areas are blocked from illumination (Fig. 4) . The resulting optical generation profile is given by (3) The source term in (3) identifies the photocarriers responsible for the edge-effect. Note that the contribution from the excitation within photodiode area is considered the "areal" collection, which we distinguish from the lateral collection responsible for the edge-effect. 2 While photocarriers generated under photodiode junctions also contribute to lateral diffusion, their diffusion cancels out under uniform illumination and do not influence the observed edge-effect. It may be worthwhile to note that investigations of lateral crosstalk, on the other hand, cannot neglect the lateral diffusion of photocarriers generated underneath the photodiode junction as done here [17] - [23] .
In order to obtain a full analytical solution of the edge-effect (Fig. 2) , the analysis is limited to the case where the adjacent photodiodes are closely spaced as compared with their length 2 The implied assumption is that photoresponse of CMOS photodiodes can be, in practice, modeled as a linear process. Despite nonlinearity imposed by several physical phenomena related to carrier transportation and recombination that render the process of photoresponse to be strictly a nonlinear system, we have adopted the general observation that the process of photoresponse can be essentially modeled as a linear system within practical limits of operating parameters. Note that concepts such as quantum efficiency and MTF are also used with the implied assumption of linear photoresponse.
and width such that we may assume a smooth boundary condition at plane [21] , 3 such that (4) Also, the symmetry of the array structure and of the illumination implies that (5) Given the wavelength independence of the edge-effect, the analysis may be limited to short-wavelength illumination whose characteristic absorption distance is much shorter than the epitaxial thickness, that is (6) We consider another boundary condition for the backside of the epitaxial layer. The carrier reflection typically used with potential wells can be used to approximate the boundary condition at the epitaxial-substrate junction, that is (7) This boundary condition provides us with a useful case where the characteristic absorption distance of the illumination wavelength is comparable to the epitaxial layer thickness, and the substrate contribution is relatively small in comparison to the total photocurrent.
The excess carrier distribution derived from the boundary conditions (4)- (6) is given by (8) , shown at the bottom of the page, for , where
3 At large photodiode separation distances, the approximation afforded by (4) is no longer valid; however, it will be seen that the neglected mobility degradation along the z = 0 plane somewhat offsets the underestimation resulting from (4).
and (10) The photocurrent resulting from the excess carrier distribution in (8) is given by (11) where (12) Note that the photocurrent can be obtained by performing the series summation over a large number of terms (about 50 for better than 1 percent accuracy) without resorting to tedious numerical calculations. The excess carrier distribution derived from the boundary conditions (4), (5), and (7) is given by (13) , shown at the bottom of the next page, for , where
The photocurrent resulting from the excess carrier distribution in (13) is given by (15) Fig. 5 compares the measured lateral photoresponse with the derived photocurrent expression in (11) and (15) evaluated at nm ( m) and nm ( m), respectively, in accordance with the assumed backside boundary conditions. It can be seen that the infinite surface recombination velocity approximation leads to a slight underestimation at small diode separation distances while the neglected mobility degradation near the Si-SiO interface eventually leads (8) (13) to a minor overestimation at large diode separation distances. Note that, while (11) and (15) compare reasonably well with the measured data, this may not hold true for other CMOS technologies with different Si-SiO interface characteristics. In addition, this analysis favors photodiode types with shallow-junctions (e.g., -), as it does not account for lateral diffusion in the region . Hence, a more reliable approach is to empirically characterize the edge-effect (and other lateral photoresponse phenomena such as lateral crosstalk) using a set of test photodiode arrays, and iterating the process for each photodiode-type of interest.
IV. EMPIRICAL CHARACTERIZATION OF EDGE-EFFECT
The 2-D edge-effect illustrated in Fig. 2 can be characterized empirically by using a set of linear arrays consisting of long strips of photodiodes as shown in Fig. 1 . It was found that the normalization of the measured photocurrent to the corresponding areal photocurrent density allows the edge-effect to be approximated independent of the illumination wavelength and intensity. 4 In order to express the 2-D edge-effect independent of the dimensions of the test array, we propose the following definition:
m (16) where is the measured photocurrent per single photodiode strip of the linear array (Fig. 1) , is the photodiode separation distance between adjacent photodiodes, is the areal photocurrent density, is junction area of the photodiode strip (i.e., 150 m in Fig. 1) , and is the photodiode perimeter (i.e., 60 m in Fig. 1 ). Fig. 6 plots the measured edge-effect expressed as (16) . A single exponential decay curve is fitted to the measured results although a more elaborate characterization technique may be used to obtain a better fit. This single empirical curve characterizes the 2-D edge-effect, and the process can be repeated for each photodiode-type of interest.
The measured edge-effect can be compared with the derived lateral photocurrent expressions to ensure that the measurements are reasonably close to these analytical approximations. Substituting the lateral photocurrent expression in (11) into (16), we have (17) where the initial assumption in (6) allows to be approximated by . With the photocurrent expression in (15), we have (18) 4 The experiment should employ wavelengths across visible spectrum to obtain a reliable convergence of the measurements. A careful experiment design should also reveal the limits beyond which the general trend is no longer valid. Here, cannot be approximated by given that the analysis assumes a wavelength whose characteristic absorption distance is comparable to the epitaxial layer thickness. Hence, from 1-D characterization may be employed, or in absence of experimental data may be approximated by , yielding (19) Note that if the photodiode strips are separated along the -axis, then the diode separation distance is given by , and may computed for various value of by substituting values for ( ). Fig. 6 plots the calculated values from (17) and (19) evaluated at nm and nm, respectively, in accordance with the assumed backside boundary conditions. While these analytical solutions show a reasonable agreement with the empirical data, it is important to note that their accuracy is limited by the assumptions of closely spaced photodiodes and shallow photodiode junction.
As previously mentioned, 2-D edge-effect characterized by the linear photodiode arrays can also be applied to the case of 2-D photodiode arrays. Consider the diagram in Fig. 4 . The photocurrent contribution from region denoted as "A" approaches a maximum limit of as . The photocurrent contribution from region "B" also approaches a maximum limit of as . The contribution from region "C" on the other hand, may be overestimated by where and . Therefore, the lateral photocurrent experienced by each rectangular photodiode is less than (20) It can be seen that the lateral photocurrent approaches the theoretical maximum in (20) as and , or when photodiodes are closely spaced together in relation to their dimensions. Fig. 7 compares the maximum limit in (20) with numerical simulation results obtained by Davinci. 5 The simulation is based on the fitted parameters of the employed 0.35 m technology.
V. CONCLUSION
The investigation of lateral photoresponse using linear photodiode arrays (Fig. 1) revealed the significance of finite surface recombination velocity and mobility degradation along the Si-SiO interface (Fig. 3) . The presented 3-D analysis of edgeeffect demonstrated a reasonable agreement with the measured data despite the assumption of closely spaced photodiodes and shallow photodiode junction (Fig. 5 ). Yet, given the significance of surface recombination and mobility degradation along the Si-SiO interface, it was concluded that the derived analytical models of edge-effect (as well as many other similar solutions that do not account for these phenomena) are only useful to the extent of providing approximate analytical solutions. Therefore, empirical characterization of edge-effect based on actual measurements was demonstrated to be a more accurate alternative. 5 Davinci is a product of Avant! Corporation.
Two-dimensional characterization of edge-effect using a set of linear photodiode arrays (Fig. 1 ) was proposed as a practical alternative to implementing test structures consisting of 2-D arrays. The proposed scheme of utilizing the empirically characterized to estimate the edge-effect in 2-D rectangular photodiode arrays demonstrated a reasonable accuracy when verified with numerical device simulations.
